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Abstract—This paper provides an analysis of radio wave
scattering for frequencies ranging from the microwave to the
Terahertz band (e.g., 1 GHz - 1 THz), by studying the scattering
power reradiated from various types of materials with different
surface roughnesses. First, fundamentals of scattering and re-
flection are developed and explained for use in wireless mobile
radio, and the effect of scattering on the reflection coefficient
for rough surfaces is investigated. Received power is derived
using two popular scattering models - the directive scattering
(DS) model and the radar cross section (RCS) model through
simulations over a wide range of frequencies, materials, and
orientations for the two models, and measurements confirm
the accuracy of the DS model at 140 GHz. This paper shows
that scattering can become a prominent propagation mecha-
nism as frequencies extend to millimeter-wave (mmWave) and
beyond, but at other times can be treated like simple reflection.
Knowledge of scattering effects is critical for appropriate and
realistic channel models, which further support the development
of massive multiple input-multiple output (MIMO) techniques,
localization, ray tracing tool design, and imaging for future 5G
and 6G wireless systems.
Index Terms—scattering; millimeter-wave; Terahertz; direc-
tive scattering model; channel modeling; rough surface reflec-
tion; radar cross section; RCS; ray tracing
I. INTRODUCTION
There has been a tremendous increase in the demand of
wireless bandwidth for a multitude of data heavy applications.
Recently, millimeter-wave (mmWave) communications was
ratified by international standards such as the Third Gener-
ation Partnership Program (3GPP) Release 15 [1] as a key
technology to be deployed in the fifth-generation (5G) cellular
systems. Future wireless systems are likely to continue to
increase in carrier frequency, approaching the Terahertz fre-
quency range [2], [3]. Terahertz communications can provide
unprecedented bandwidth that ranges from tens of GHz to
hundreds of GHz [4], but relatively little is known in the
communications literature about Terahertz frequencies (e.g.,
from 300 GHz to 3 THz) [5].
At conventional microwave frequencies (from 300 MHz to
3 GHz), scattering is a much weaker propagation mechanism
than reflection and diffraction [6]. Scattering is typically
ignored in current wireless communication system design, and
has not been well investigated for wireless communication
applications. At mmWave and THz frequencies, the wave-
length becomes smaller than the typical surface roughness
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of many objects, which suggests that illuminated scatterers
may give rise to signal paths that are comparable to the
power of reflected paths in particular directions [7]. Thus, a
stronger scattering effect can partially compensate for other
propagation losses as frequencies increase above 30 GHz.
Three-dimensional (3D) scattering models will play a key
role in the design of 3D ray tracing techniques that will be-
come more important for site-specific mmWave and Terahertz
system designs [8]. To simulate an accurate radio propagation
environment at mmWave and Terahertz frequencies, the power
carried by scattered rays needs to be considered, especially
in non-line-of-sight (NLOS) conditions where the scattered
rays may act as the dominant propagation paths to support a
communication link [6].
This paper is organized as follows: Section II reviews
existing scattering models, including early scattering research
used in radar applications. Section III compares two popular
scattering models, the DS model and the RCS model, and
clarifies the assumptions and possible use cases for each. The
numerical results obtained from the models for a wide range
of practical materials and surface roughness are discussed
and compared with measurements in Section IV. Concluding
remarks are given in Section V.
II. FUNDAMENTALS OF SCATTERING
The fundamentals of scattering and reflection are unified
by geometric optics. Consider the geometry shown in Fig. 1
where an electromagnetic wave impinges upon a surface at
an incident angle of θi. If the surface is smooth and in the
far field, and is electrically large compared to the wavelength,
no scattering occurs, and reflection may be the only radiation
from the surface. On the other hand, if the surface is rough,
in addition to a primary reflected component in the specular
direction, the incident wave is also scattered into many other
directions. This phenomenon is called diffuse scattering.
Since the smoothness or roughness of a surface determines
the degree of scattering that occurs, it is imperative to ascertain
a methodology for defining the smoothness of a surface.
Intuitively, the surface roughness should be relative to the
wavelength of the impinging wave. At lower frequency range
(longer wavelengths), scattering is often negligible as any
protuberances on the surface are very small compared to
the wavelength of the impinging wave [6], and most prop-
agation paths occur due to reflection, where energy from a
surface is simply reflected at angle θr in Fig. 1. However,
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Fig. 1: A radio wave incident at an angle θi with respect to the normal
to the targeted rough surface. θr and θs are reflected and scattered
angle, respectively. From Snell’s law, reflections obey θi = θr . Ψ is
the angle between reflected and scattered waves.
at frequencies of hundreds of GHz, most of the surfaces in
a physical environment may be considered rough, since the
wavelength becomes comparable to the surface roughness and
an impinging wave at angle θi reradiates energy from the
rough surface at many angles, not just the reflected angle θr
in Fig. 1. Thus, understanding the properties of surfaces is
essential in identifying the propagation channel characteristics
for future mmWave and Terahertz communication systems [3].
In order to determine the smoothness or roughness of a
surface, the Rayleigh Criterion is used. The Rayleigh Criterion
defines the critical height of a surface, hc, which depends on
the incident angle and frequency of the incident wave upon
the surface. hc is given by [6]:
hc =
λ
8 cos θi
(1)
where θi is the incident angle and λ is the wavelength. If the
minimum to maximum surface protuberance, h0, is smaller
than hc, the surface is considered smooth for a particular
λ (e.g., frequency); if h0 is larger than hc, the surface is
considered rough for a particular λ [6]. The surface roughness
is usually modeled by two parameters, the root mean squared
(rms) height of the surface (hrms) and the correlation length
(lc) [9]. hrms is a measure of the vertical roughness of the
surface and is given by:
hrms = (h
2 − h2)(1/2) (2)
where h is the surface height relative to the mean surface
height (h¯). h is usually modeled as a Gaussian random
variable with standard deviation hrms [10]. 1/lc is a measure
of the horizontal roughness of the surface, where lc is the
correlation length beyond which two points on the surface
are considered statistically independent of surface heights [9].
A. Rough Surface Reflection Coefficient Model
For a smooth surface, the incident wave reflects off the
surface into the specular direction as determined by Snell’s
law, and there is no scattering. The reflection coefficient of
a smooth surface, Γsmooth, determines the fraction of incident
field that is reflected into the specular direction [6] (eq. (4.24),
pp.116). Note that Γsmooth incorporates any penetration loss
that occurs due to part of the electromagnetic wave penetrating
the surface [6]. The power of a wave reflected off a rough
surface is diminished due to a portion of the incident power
being reradiated in various directions via scattering. Thus,
in order to incorporate this scattering loss in the reflected
wave, a new reflection coefficient is defined for the rough
surface, Γrough, to characterize the reflected energy, and other
reradiated energy is due to scattering in other directions. Γrough
is obtained by multiplying a scattering loss factor, ρs, with
the reflection coefficient, Γsmooth, of the corresponding smooth
surface as given by [6] (eq. (4.24), pp.116):
Γrough = ρs · Γsmooth, (3)
where the scattering loss factor, ρs, is approximated by [11]:
ρs = exp
[
− 8
(
pihrms cos θi
λ
)2]
, (4)
where |Γrough| ≤ 1, ρs ≤ 1, hrms is the rms height of the
surface, and λ is the wavelength. A more precise modeling
[6], [12] for the scattering loss factor is given as:
ρs = exp
[
− 8
(
pihrms cos θi
λ
)2]
I0
[
8
(
pihrms cos θi
λ
)]
,
(5)
where I0 is the zero-order Bessel function of the first kind.
The rough surface reflection coefficient with scattering loss
factor can provide an accurate prediction of the received power
in a reflected direction in the design of a ray tracer. It is
important to note here that this scattering loss factor, ρs,
is used to determine the loss that can be expected in the
reflected direction due to the scattering phenomenon. It does
not give any insight into the strength of the scattered power
in a particular direction.
There are several important things to note about (3)-(5).
First, (4)-(5) is also regarded as a Rayleigh roughness factor
in an extension of Kirchhoff scattering theory called the
Beckmann-Kirchhoff theory [13], and is applicable to both
dielectric and metallic surfaces. Second, (4)-(5) is based on an
assumption that the incident angle θi is small, which means
the reflected power due to the scattering loss predicted by
(3) may not be reliable when the incident angle is large
(e.g., a small grazing angle). Further, the Beckmann-Kirchhoff
scattering theory for rough surfaces is extended to arbitrary
incident and scattering angles, not just the reflected angle [14],
where the scattered power predicted by the extended model
shows a good agreement with experimental scattering data at
many scattering angles when the incident angle θi is large
(e.g., 70°).
III. SCATTERING MODELS
In this paper, two common scattering models are compared.
The first model, DS model, is widely used in optics [15].
The second model, RCS model, is well known in radar
applications. RCS model relies on empirical values based
on field measurements. In [16], measurements at 900 MHz
in four European cities provided a range of RCS values of
common scatterers in typical cellular channels. An empirical
approximation of RCS based on the RCS measurements of a
number of buildings is 4A where A is the projected surface
of the building which can be “seen” from the receiver (RX)
[17]. We compare DS and RCS models at frequencies of 1,
10, 100, and 1000 GHz, for three exemplar materials with
TABLE I: EXEMPLAR MATERIALS AND PARAMETERS
Materials hrms (µm) S lc (µm) r αR
Material 1 - Smooth 10 0.05 1000 16 1
Material 2 - Intermediate 100 0.3 500 4 1
Material 3 - Rough 300 0.5 300 2 1
different surface roughness (hrms), scattering coefficient (S),
correlation length (lc), scattering lobe width parameter (αR),
and dielectric constant (r) as shown in Table I.
A. Directive Scattering Model
The single-lobe DS model [18], [19] assumes that the main
scattering lobe is steered in the direction of the specular
reflection, and ignores backscatter. The DS dual lobe model
includes both forward scatter and backscatter in (23). The
single-lobe model is first introduced in this section. The DS
model has been used in [19] to model the RF propagation
environment of a hospital room at 60 GHz. The power delay
profile (PDP) of the environment agreed well with simulations
using the DS model, up to an excess delay of 30 ns. The DS
model has also been tested at 1.296 GHz in [18], where the
DS model agreed with the scattering from rural and suburban
buildings. When an electromagnetic wave impinges upon a
surface at an incident angle θi, the scattered electric field
at any particular scattering angle θs can be calculated using
the DS model. Note that we only consider the incident angle
θi ∈ [0°, 90°]. The scattering angle θs ∈ [−90°, 90°] such
that the scattered wave may have any arbitrary direction in
the entire incident plane (e.g., including backscattering when
Ψ is less than −θr in Fig. 1). The single-lobe DS scattered
electric field in the incident plane is given by:
|Es|2 = |Es0|2 ·
(
1 + cos(Ψ)
2
)αR
=
(
SK
dtdr
)2
l cos θi
FαR
·
(
1 + cos(Ψ)
2
)αR (6)
where Es is the scattered electric field at the scattering angle
Ψ. Es0 is the maximum scattered electric field, which is
adopted from an effective roughness model [18]. S is the
scattering coefficient [15], which is defined as the fraction of
incident electromagnetic wave that is scattered, can be written
as S = |Es|/|Ei|, where |Ei|/|E0| ∝ 1/d, and d is the distance
(in meters) between the transmitter (TX) and scattering rough
Fig. 2: The scattering patterns with different values of αR. αR
determines the width of the scattering lobe. A smaller αR denotes a
wider scattering lobe.
TABLE II: SIMULATED DIFFERENCES BETWEEN SCATTERED
POWER AND REFLECTED POWER IN THE SPECULAR REFLECTION
DIRECTION AT 500 GHZ USING (3-8).
Pt =10 W, Ae = 5 cm2, αR =1, l =10 m, S =0.3, and dt = dr =10 m.
θi Materials
Reflection
power (dBm)
Scattered
power (dBm)
Difference
(dB)
0°
Smooth -6.21 -53.92 47.71
Interm. -32.07 -41.88 9.81
Rough -188.35 -33.92 -154.37
30°
Smooth -5.58 -69.12 63.54
Interm. -25.94 -57.08 31.14
Rough -143.78 -49.12 -94.67
45°
Smooth -4.83 -71.50 66.67
Interm. -19.47 -59.46 39.99
Rough -98.75 -51.50 -47.25
60°
Smooth -3.87 -73.89 70.02
Interm. -12.37 -61.85 49.48
Rough -52.81 -53.89 1.08
90°
Smooth -1.58 negligible Reflection Only
Interm. -1.58 negligible Reflection Only
Rough -1.58 negligible Reflection Only
surface. |E0|, |Ei|, |Es| are the magnitudes of transmitted,
incident, and scattered electric fields, respectively, in units of
V/m. K is given by
√
60PtGt which is a constant depending
on the transmitted power and the TX antenna gain [20]. dt
and dr are the distances between the scatterer and the TX
and RX, respectively. l is the length of the scattering object.
Ψ is the angle between the reflected wave and the scattered
wave, as shown in Fig. 1. αR is a parameter which determines
the width of the scattering lobe, and Fig. 2 shows that higher
values of αR imply that the scattering lobe is narrower. FαR
is a scaling factor to normalize to the total scattered power,
which is given by [18]
FαR =
∫ pi/2
−pi/2
(
1 + cos Ψ
2
)αR
sin θsdθs (7)
where θs is the scattered angle as shown in Fig. 1.
The received power at the RX can then be calculated as
[6]:
Pr = PdAe =
|Es|2
120pi
· Grλ
2
4pi
=
|Es|2Grλ2
480pi2
(8)
where Pd is the power flux density of the scattered wave,
and Ae is RX antenna aperture [6]. Gr is the RX antenna
gain, and λ is the wavelength of the radio wave. Table II
indicates how the scattered power and the reflected (specular)
power change with the incident angle θi when Ψ = 0 (which
indicates that the scattered power is calculated in the direction
of the reflected wave) for three materials at 500 GHz. The
scattered power is calculated using (6)-(8), and the reflected
power is calculated using (3) and (5). When θi = 1°, 30°,
and 45° (small incident angles), the scattered power in the
reflected direction is stronger than the reflected power for
Material 3 (rough surface), as seen in Table II.
Fig. 3: The entire surface is embedded in the x′y′ coordinate system.
The mean value of height of the rough surface is y′ = 0. Each small
patch has its xy coordinate system [21]. Each patch has a x range
of [−Lp, Lp] with slope tan Ω.
B. Radar Cross Section Model
The RCS (σ) of a scattering object is a measure of the
power density scattered in the direction of the RX relative to
the power density of the radio wave illuminating the scattering
object [22]. The RCS model traces its origin to radar theory
where it was originally designed to detect large, metallic
objects such as aircrafts and ships in the far-field [23]. Thus,
the RCS model usually assumes that the scattering object
is a perfect electrical conductor, which may not be true for
practical wireless environment. Useful insights can be gained
about the impact of scattering in a propagation environment
by applying the RCS model, where RCS values for differ-
ent scattering objects are generally empirically derived from
measurements [6] [7] [16].
Depending on relative positions of the TX and RX, RCS
model can be either monostatic or bistatic. The monostatic
RCS model describes how the field is scattered in the direction
of the RX when the TX and RX are co-located spatially. Thus,
computing the received power translates to calculating the
reradiated scattered power directly back to the TX (backscat-
tered power) [23]. In contrast, the bistatic RCS model can
describe more general cases and measures the electric field
scattered in the direction of the RX when the TX and RX
may not be co-located. Analysis presented in this paper uses
the monostatic RCS model for simplicity [6] [7].
The received power at the RX that is co-located with the
TX is derived using the monostatic RCS model as follows.
The directional radiated power density from the TX is:
Pd =
PtG
4pid2
(9)
where Pt is the transmitted power, G is the gain of the TX
antenna, and d is the distance between the TX and scatterer.
The scatterer intercepts a portion of the incident power and
reradiates it in different directions. The measure of the amount
of incident power intercepted by the scatterer and reradiated
back in the direction of the RX is denoted as the RCS σ [22],
and the power density at the RX is:
PdR =
PtG
4pid2
· σ
4pid2
(10)
Given the RX antenna aperture, Ae, the received power is:
Pr = PdR ·Ae = PtG
4pid2
· σ
4pid2
· Gλ
2
4pi
=
PtG
2λ2σ
(4pi)3d4
(11)
or, in dB, is given as:
PR[dBm] =PT [dBm] + 2G[dBi] + 20 log(λ) + σ[dB ·m2]
− 30 log(4pi)− 40 log(d)
(12)
RCS has been used to characterize scatterers in a number
of empirical studies [24], [25]. In [16], bistatic RCS measure-
ments of common scatterers were conducted at 900 MHz. The
bistatic RCS values were shown to vary between -4.5 and 55.7
dBm2. Monostatic RCS of pedestrians was measured to be -8
dBm2 at 76 GHz, 20 dB lower than the RCS of vehicles [24].
Composite rough surfaces were modeled with RCS in [25].
The RCS can be thought of as a combination of contri-
butions from two classes of roughness: small scale and large
scale. As explained in [26], large-scale and small-scale surface
roughnesses are like ocean waves, some waves span hundreds
of meters, some waves are very short, less than a meter. Thus,
the scattering from the surface can be calculated by dividing
the surface into small-scale and large-scale patches. A typical
small-scale patch is shown in Fig. 3.
Thus as shown in [7], [27] :
RCS = σ = σrough + |χs|2σsmooth (13)
where σrough and σsmooth correspond to the small-scale and
large-scale RCS, respectively. In (10)-(12), σ represents the
three-dimensional RCS (dB·m2) which denotes an area inter-
cepting the amount of power that, when scattered, produces at
the RX a density that is equal to the density reradiated by the
scatterer [22]. In this paper, we assume that the scattering
object has unit length along one dimension for simplicity.
Therefore, the three-dimensional RCS can be simplified as
the RCS per unit length (two-dimensional RCS) with the unit
of dB·m. Thus, σ, σsmooth, and σrough with the unit of dB·m
are used in the rest of this paper.
σsmooth depends on the large-scale dimensions of the scat-
tering object, where only the width of the scattering object is
considered since the length of the scattering object is assumed
to have unit length. σsmooth is given by [22]:
σsmooth =
2piw2
λ
[
cos(θi)
sin(k0w cos(θi))
k0w cos(θi)
]2
(14)
which w is the width of the scattering object, and k0 = 2pi/λ
is the free space wave number. (14) indicates that σsmooth
follows an inverse relation with the wavelength of the incident
radio wave.
The weighting factor χs in (13) is the rough surface height
characteristic function, which is given in [7]:
χs = e
−k20h2rms cos2(θi) (15)
where hrms denotes the rms height of the small-scale surface.
The weighting factor χs approaches 1 as frequency decreases,
which implies that σsmooth dominates the RCS σ. However, as
frequency reaches the Terahertz band, χs becomes negligible
for rough surfaces, and the impact of σrough on the RCS σ
becomes much more significant.
σrough can be obtained by calculating the weighted average
cross sections of the individual, randomly orientated small
patches as shown in Fig. 3. The orientations of the small scale
patches are characterized by hx, hx = tan Ω is shown in Fig.
3. Additionally, hx is assumed here to be Gaussian [27], [28]:
p(hx) =
1√
2piσl
e
−h2x
2σ2
l (16)
The scattering cross section for a small-scale patch with a
specific slope hx is given by [27]:
σPP0 = |SPP (k¯s, k¯i)|2Q(k¯s, k¯i) (17)
where SPP (k¯s, k¯i) denotes the scattering coefficient at the
patch surface as shown in Fig. 3. k¯s and k¯i are the wavevectors
of the scattering wave and incident wave, respectively. PP =
HH or V V where H denotes horizontal polarization, and
V denotes vertical polarization. Q(k¯s, k¯i) is obtained from a
complete expansion of the fields and the boundary conditions.
Then σrough is modulated by the slope of small-scale patches
by using (16) and (17):
σPPrough =
∫ ∞
−∞
σPP0 p(hx)dhx
=
∫ ∞
−∞
|SPP (k¯s, k¯i)|2Q(k¯s, k¯i)p(hx)dhx
(18)
For a monostatic radar, k¯s = −k¯i, so the scattering
coefficient in (18) is given as [27]:
SV V (−k¯i, k¯i) = 2(1 + sin2(θi − Ω))
SHH(−k¯i, k¯i) = 2 cos2(θi − Ω)
(19)
where θi is the incident angle and Ω is the tilt angle of the
small patch as shown in Fig. 3.
The function Q(k¯i, k¯i) is obtained by using the surface
height characteristic function χ(vy) and joint characteristic
function χ2(vy,−vy) [27].
Q(−k¯i, k¯i) =k
3
0(1 + h
2
x)
v2y
∫ Lp
−Lp
(1− |x|
Lp
)[χ2(vy,−vy)
− |χ(vy)|2]e−jvxxdx
(20)
Assuming the rough surface heights follow a Gaussian
distribution [27], [28]:
|χ(vy)|2 = e−v2yh2rms
χ2(vy,−vy) = |χ(vy)|2ev2yh2rmsRs(x)
(21)
where
h2rmsRs(x) = h
2
rmse
− x2
l2c (22)
As shown in Fig. 3, v¯ = k¯s − k¯i = −k¯i − k¯i = −2k¯i and
it is shown that vy = 2k0 cos(θi − Ω), vx = 2k0 sin(θi − Ω)
[21]. lc denotes the correlation length of the surface height.
To compare to the DS model with the monostatic RCS
model, a special case of the DS model is considered in the
next section in which the TX and RX are co-located, and
Ψ = −2θi as shown in Fig. 1. In the next section, the TX and
RX are assumed to have equal and constant antenna effective
aperture over frequencies, meaning that the antenna gain will
increase as the frequencies increases.
IV. NUMERICAL RESULTS
Simulations are performed using three materials over fre-
quencies ranging from 1 GHz to 1 THz and incident angles
θi ranging from 0° to 90°. (6)-(8) are used to calculate
the received scattered power from the DS model, and (12)-
(21) are used to calculate the received scattered power from
the RCS model. The values of surface roughness applied in
simulations are shown in Table. I. The TX and RX are co-
located (monostatic) and vertically polarized. The simulations
assume a transmit power of 10 W, the antenna apertures of the
TX and RX are both kept constant as 5 cm2 over frequencies,
TX and RX are 50 m from the scatterer, and the size of
scatterer is 1 m x 10 m.
Fig. 4(a) and Fig. 4(b) show how the received scattered
power for the monostatic case is dependent on θi for both
the DS model and the RCS model. Material 2 (Intermediate
roughness) is used in the simulations. The backscattered
power for the DS model ranges from -30 dBm to -150 dBm,
and the received scattered power for the monostatic RCS
model ranges from -40 dBm to -150 dBm. As the frequency
increases, the received scattered power increases, which can
be expected because surfaces tend to be rough as the critical
height hc (in (1)) becomes smaller. Moreover, the maximum
scattered power is received when the incident wave impinges
upon the surface along the normal direction. The scattered
power falls off sharply when the incident wave becomes
grazing, and most of the incident power is reflected.
Fig. 4(c) and Fig. 4(d) illustrate the variation of the received
scattered power for the monostatic case as a function of the
incident angle θi for three materials at 100 GHz using the
DS and the RCS model. Simulation results show that rougher
surfaces (higher hrms) cause greater received scattered power.
As shown before in Table II, the rough surface can emit
more scattered power than reflected power. In Fig. 4(d), the
envelope of the received scattered power follows a decaying
profile as the incident angle increases. The received scattered
power of the rough surface is much greater than the received
scattered power of the other two surfaces at small incident
angles because |χs| is small, and σrough dominates in (15).
When the incident angle approaches 90°, Fig. 4(d) shows
that the received scattered powers for three different materials
start to overlap because σrough decreases nearly to 0, and thus
σsmooth (which is identical for the three materials as shown in
(14)) dominates the received scattered power.
Fig. 5 compares the backscattered power for Material 2 at
100 GHz and 1 THz using the DS model and the RCS model.
The DS model agrees with the envelope of the RCS model at
both 100 GHz and 1 THz as the incident angle θi increases.
Since the RCS model is an empirical-based model, the RCS
model can be better parameterized to predict the accurate
scattered power based on the field measurements for various
materials having different surface roughness and permittivity
at different frequencies.
To validate the DS model and simulation results, scattering
measurements of drywall were conducted at 142 GHz using
the channel sounder system introduced in [29]. During the
scattering measurements, both the TX and RX heights were
set at 1.2 m on an arc with a radius of 1.5 m using TX output
(a) Scattered power in incident direction (backscatter) for Material
2 using DS model (6)-(8) vs. incident angle θi for four frequencies.
(b) Scattered power in incident direction (backscatter) for Material 2
using RCS model (12)-(21) vs. incident angle θi for four frequencies.
(c) Scattered power in incident direction (backscatter) at 100 GHz
using DS model (6)-(8) vs. incident angle θi for three materials.
(d) Scattered power in incident direction (backscatter) at 100 GHz
using RCS model (12)-(21) vs. incident angle θi for three materials.
Fig. 4: Scattered power radiated in incident direction (backscatter) using different frequencies and different materials.
Fig. 5: Comparison of backscattered power with θi for DS (6)-(8)
and RCS (12)-(21) models for Material 2 at 100 GHz and 1 THz.
power of -2.35 dBm using 27 dBi gain and 8° half power
beam width horn antennas at each end of the link. Incident
angles θi = 10°, 30°, 60°, and 80° were chosen, and the
scattered power was measured from -80° to 80° in 10° steps
(±90° could not be measured due to the physical size of the
channel sounder system).
Measured scattering patterns of different incident angles at
142 GHz are shown in Fig. 6. The peak measured power (scat-
tered plus reflected) was observed to occuur at the specular
reflected angle (Snell’s law), and peak measured power was
greater at larger incident angles than at smaller incident angles
(9.4 dB difference between 80° and 10°), where most of the
energy is due to reflection and not scattering. At all angles of
incidence, measured power was within 10 dB below the peak
power in a ± 10° angle range of the specular reflection angle,
likely a function of antenna patterns. In addition, backscattered
power was observed (e.g., 10° and 30° incidence) but was
more than 20 dB below the peak received power.
The single-lobe DS model introduced in Section III can
be extended to a dual-lobe DS model, which incorporates
power of an additional back-scatter lobe [18]. The dual-lobe
DS scattered electric field is given by:
|Es|2 = |Es0|2
[
Λ ·
(
1 + cos(Ψ)
2
)αR
+(1− Λ) ·
(
1 + cos(Ψi)
2
)αi ]
(23)
where Ψi is the angle between the scatter ray and the incident
ray and Λ determines the relative strength of the back-scatter
lobe with respect to the forward-scatter lobe.
A comparison between measurements and predictions made
by the dual-lobe DS model (23) with TX incident angle θi=
10°, 30°, 60°, and 80° is shown in Fig. 7. The curve is fit for
Λ ranging from 0.5 (at θi = 30°) to 0.8 (at θi = 10°) [18], and
simulations of peak received power (the sum of reflection and
scattering) at the specular reflection angle agrees well with
measured data (within 2 dB), confirming that scattering can
be modeled approximately by a smooth reflector with some
loss (3)-(5), (23) when material properties are known, while
scattering at other angles falls off rapidly.
Fig. 6: Measured scattered and reflected (total) power from -80° to
80° from drywall at four incident angles.
Fig. 7: Comparison between measurements and dual-lobe DS model
plus reflected power using (3)-(5), (23) at incident angles 10°, 30°,
60°, and 80° at 142 GHz for drywall (r = 3.0 for drywall).
V. CONCLUSION
This paper investigates scattering using two well-known
scattering models, DS and RCS. Simulations of received
scattered power for different materials at a wide range of
frequencies from 1 GHz to 1 THz with incident angles from
0° to 90° have been conducted. Simulations show that the
backscattered power (monostatic case) predicted by the two
models decreases as the incident angle becomes larger (close
to grazing). The scattered power relative to the reflected power
increases with frequency and surface roughness. Notably, the
forward scattered power in the reflected direction for a rough
surface close to normal incidence (e.g., θi = 0°) is predicted,
via simulations, to be stronger than the specular reflected
power, and when close to grazing, scattered power decreases
as reflected power dominates [6], [7]. Thus, scattering at
Terahertz depends on surfaces and impinging angles. The peak
measured powers (scattered plus reflected) in the reflected
direction are greater at larger incident angles, and the peak
predicted powers (using DS model plus the rough surface
reflected power) are within 2 dB of the peak measured powers
at 142 GHz for drywall. Further, backscatter is both modeled
and measured to be more than 20 dB down from the peak
received power (scattered plus reflected) at small incident
angles (e.g., 30° or less). To a first order approximation,
the models and measurements at 142 GHz show that smooth
surfaces like drywall may be modeled as reflective surfaces,
especially close to grazing.
REFERENCES
[1] 3GPP, “Technical specification group radio access network; base station
(BS) radio transmission and reception (FDD) (Release 15),” 3GPP, TR
25.104 V15.4.0 25.104 V15.4.0, Sept. 2018.
[2] A. Hirata et al., “120-GHz-band millimeter-wave photonic wireless
link for 10-Gb/s data transmission,” IEEE Transactions on Microwave
Theory and Techniques, vol. 54, no. 5, pp. 1937–1944, May 2006.
[3] T. Kleine-Ostmann and T. Nagatsuma, “A review on terahertz communi-
cations research,” Journal of Infrared, Millimeter, and Terahertz Waves,
vol. 32, no. 2, pp. 143–171, 2011.
[4] I. F. Akyildiz, J. M. Jornet, and C. Han, “Terahertz band: Next frontier
for wireless communications,” Phys. Comm., vol. 12, pp. 16–32, 2014.
[5] T. S. Rappaport et al., “Wireless Communications and Applications
Above 100 GHz: Opportunities and Challenges for 6G and Beyond
(Invited),” submitted to IEEE Access, Feb. 2019.
[6] T. S. Rappaport, Wireless Communications: Principles and Practice,
2nd ed. Upper Saddle River, NJ: Prentice Hall, 2002.
[7] T. S. Rappaport, R. W. Heath, Jr., R. C. Daniels, and J. N. Murdock,
Millimeter Wave Wireless Communications. Prentice Hall, 2015.
[8] E. Haddad et al., “A Scattering Model to Improve the Accuracy of 3D
Ray Tracing for UWB Indoor Channel,” in 2011 IEEE 73rd Vehi. Tech.
Conf. (VTC Spring), May 2011, pp. 1–5.
[9] G. Mittal and D. Singh, “Critical analysis of microwave specular scat-
tering response on roughness parameter and moisture content for bare
periodic rough surfaces and its retrieval,” Progress in Electromagnetics
Research, vol. 100, Jan. 2010.
[10] C. Jansen et al., “Diffuse scattering from rough surfaces in THz
communication channels,” IEEE Transactions on Terahertz Science and
Technology, vol. 1, no. 2, pp. 462–472, Nov 2011.
[11] W. S. Ament, “Toward a theory of reflection by a rough surface,”
Proceedings of the IRE, vol. 41, no. 1, pp. 142–146, Jan 1953.
[12] L. Boithias et al., Radio wave propagation. McGraw-Hill NY, 1987.
[13] P. Beckmann and A. Spizzichino, The Scattering of Electromagnetic
Waves From Rough Surfaces. Norwood, MA: Artech House, 1987.
[14] L. Vernold, Cynthia and Harvey, James, “Modified beckmann-kirchoff
scattering theory for nonparaxial angles,” Proc. SPIE, vol. 3426, 1998.
[15] A. Navarro, D. Guevara, and D. A. Parada, “Diffuse scattering imple-
mentation and verification in ray launching based tool at 5.4 ghz,” 32nd
URSI GASS, Montreal, August 2017.
[16] S. Y. Seidel, T. S. Rappaport, S. Jain, M. L. Lord, and R. Singh, “Path
loss, scattering and multipath delay statistics in four european cities for
digital cellular and microcellular radiotelephone,” IEEE Transactions on
Vehicular Technology, vol. 40, no. 4, pp. 721–730, 1991.
[17] J. van Rees, “Measurements of the wide-band radio channel character-
istics for rural, residential, and suburban areas,” IEEE Transactions on
Vehicular Technology, vol. 36, no. 1, pp. 2–6, Feb 1987.
[18] V. Degli-Esposti, F. Fuschini, E. M. Vitucci, and G. Falciasecca,
“Measurement and modelling of scattering from buildings,” IEEE Trans.
on Ant. and Prop., vol. 55, no. 1, pp. 143–153, Jan 2007.
[19] J. Ja¨rvela¨inen et al., “60 GHz radio wave propagation prediction in a
hospital environment using an accurate room structural model,” in 2012
Loughborough Ant. Prop. Conf. (LAPC), Nov. 2012, pp. 1–4.
[20] V. Degli-Esposti, “A diffuse scattering model for urban propagation
prediction,” IEEE Transactions on Antennas and Propagation, vol. 49,
no. 7, pp. 1111–1113, July 2001.
[21] E. Bahar and Y. Zhang, “A new unified full wave approach to evaluate
the scatter cross sections of composite random rough surfaces,” IEEE
Trans. on Geos. and Remo. Sens., vol. 34, pp. 973–980, July 1996.
[22] C. Balanis, Advanced Eng. Electromagnetics, 2nd ed. Wiley, Jan. 2012.
[23] M. I. Skolnik, Introduction to Radar Systems /2nd Edition/, 2nd ed.
New York: McGraw Hill Book Co., 1980.
[24] N. Yamada, Y. Tanaka, and K. Nishikawa, “Radar cross section for
pedestrian in 76 GHz band,” in 2005 European Microwave Conference,
vol. 2, Oct. 2005, pp. 1–4.
[25] E. Bahar, “Scattering cross sections for random rough surfaces: Full
wave analysis,” Radio Science, vol. 16, no. 3, pp. 331–341, 1981.
[26] J. T. Johnson, R. T. Shin, J. A. Kong, L. Tsang, and K. Pak, “A numer-
ical study of the composite surface model for ocean backscattering,”
IEEE Tran. on Geos. and Remo. Sens., vol. 36, pp. 72–83, Jan. 1998.
[27] E. Bahar and X. Shi, “The scattering and depolarization of electro-
magnetic waves by random rough surfaces with different scales of
roughness: New full wave solutions,” International Journal of Remote
Sensing, vol. 19, no. 11, pp. 2171–2185, 1998.
[28] E. Bahar and R. D. Kubik, “Tilt modulation of high resolution radar
backscatter cross sections: unified full wave approach,” IEEE Trans. on
Geos. and Remo. Sens., vol. 31, no. 6, pp. 1229–1242, Nov. 1993.
[29] Y. Xing and T. S. Rappaport, “Propagation Measurement System and
Approach at 140 GHz: Moving to 6G and Above 100 GHz,” in IEEE
2018 Global Communications Conference, Dec. 2018, pp. 1–6.
